In this issue of the journal, Aggarwal et al 1 report on 265 patients undergoing diagnostic treadmill stress myocardial perfusion imaging by PET using N-13 ammonia and rotating rod attenuation correction. 194 patients were obese (74%) with average treadmill capacity significantly less than non-obese patients as reflected by significantly lower exercise duration, functional aerobic capacity, METs achieved, and pressurerate product. Coronary angiograms were done in 43 (16% of 265) patients of whom 36 (14% of 265) had significant CAD by visual assessment. Diagnostic sensitivity was 86% and specificity 74%, with no difference between obese and non-obese patients. The authors conclude that treadmill stress perfusion PET is ''feasible and useful clinically with higher rate of good image quality, greater spatial, temporal, and contrast resolution, robust attenuation correction, high-count statistics, and less hepatobiliary tracer uptake of PET compared to SPECT.''
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In this issue of the journal, Aggarwal et al 1 report on 265 patients undergoing diagnostic treadmill stress myocardial perfusion imaging by PET using N-13 ammonia and rotating rod attenuation correction. 194 patients were obese (74%) with average treadmill capacity significantly less than non-obese patients as reflected by significantly lower exercise duration, functional aerobic capacity, METs achieved, and pressurerate product. Coronary angiograms were done in 43 (16% of 265) patients of whom 36 (14% of 265) had significant CAD by visual assessment. Diagnostic sensitivity was 86% and specificity 74%, with no difference between obese and non-obese patients. The authors conclude that treadmill stress perfusion PET is ''feasible and useful clinically with higher rate of good image quality, greater spatial, temporal, and contrast resolution, robust attenuation correction, high-count statistics, and less hepatobiliary tracer uptake of PET compared to SPECT.' ' The authors deserve credit for a large series of patients using a treadmill exercise PET perfusion imaging protocol. Due to the short half-life of cyclotron-produced N-13 ammonia, simply timing and coordinating the exercise stress with producing N-13 ammonia for injection at peak exercise and moving patients into the scanner gantry for adequate count images are a singular achievement. The effort to get good relative perfusion images is worthwhile given the attenuation artifacts of SPECT and its lack of management impact in the literature. 2, 3 However, every solid study advances our understanding beyond its conclusions by its instructive flaws or lessons of omission. While a compliment to an experienced group for a difficult study showing feasibility of exercise PET, their report raises significant fundamental physiologic, technical, and management issues about stress perfusion imaging that this paper and the field of nuclear cardiology have not addressed adequately.
WHAT GOOD IS MYOCARDIAL PERFUSION IMAGING?
In essence, myocardial stress perfusion imaging may be used in two ways. The first and more common use provides qualitative images for diagnosis and prognosis like SPECT, and PET in this paper, including visual scoring from a 17-segment map. The second but less common use provides objective physiologic severity of focal and diffuse CAD utilizing the full capability of quantitative PET for absolute perfusion, CFR, and automated size and severity of relative and absolute perfusion abnormalities to guide revascularization and management.
Perfusion imaging by SPECT, and by PET in this paper, traditionally inform diagnosis or prognosis of CAD without adequate quantification for management and revascularization decisions that are therefore made by coronary angiogram and, less commonly, by pressure-derived fractional flow reserve (FFR). Randomized trials incorporating non-invasive imaging to guide management have not reduced hard endpoints of death and myocardial infarction.
Rather, the literature shows no reduction in adverse outcomes when management is guided by perfusion imaging or by any non-invasive test. 2, 3 The perfusion imaging components of randomized trials such as STICH 6 and COURAGE 7 also failed to show reduced hard endpoints by perfusion-guided intervention. Therefore, evidenced-based support does not exist for guiding management by perfusion imaging or any other noninvasive testing.
QUALITATIVE DIAGNOSIS VS QUANTITATIVE PHYSIOLOGIC SEVERITY OF CAD FOR MANAGEMENT
The randomized FAME 2 trial 8 demonstrated that quantitative physiologic stenosis severity as measured by FFR is the optimal guide to revascularization; alternatively, risk factors and coronary calcium suffice for guiding medical management. However, the FFR threshold of 0.8 in FAME 2 was not associated with reduced MI or mortality between the medical and revascularization arms due to an elevated 9-to-1 ratio of peri-procedure events within the first week. 8 Recent meta-analysis reveals a continuous relationship between FFR and the risk of clinical events, 9 with a rising benefit well below the 0.8 threshold used in FAME 2.
Additional literature documents that the risk of adverse events increases dramatically with progressively severe focal and diffuse CAD. 4, 5, [10] [11] [12] [13] Quantitative PET for CFR shows a high risk of MACE for global CFR of 1.5 or less indicating severe diffuse CAD 10 that may be moderated by coronary bypass surgery, 11 whereas revascularization for less severe disease provided no benefit. Thus, quantitative severity of focal and diffuse CAD is necessary to guide management and revascularization for reduced hard endpoints, not just diagnosis and prognosis.
Importantly, FFR yields only a relative CRF based on the hyperemic pressure gradient across a stenosis. It was originally validated by comparison to quantitative PET 14 that measured absolute perfusion and CFR. In addition to automated maps of size and severity of stress flow and CFR, automated objective quantitative relative stress perfusion maps are extensively documented. 4, 5 
CRITICAL BALANCE BETWEEN QUANTITATIVE SEVERITY OF STENOSIS AND DIFFUSE CAD
Diffuse CAD quantified by reduced global CFR carries high risk of adverse events. 4, 5, [10] [11] [12] [13] Since significant stenosis is usually associated with diffuse disease, the residual diffuse disease may contravene the potential benefit by PCI of stenosis, as also evidenced by a significant risk of residual FFR after successful PCI. 9 For PCI to reduce MI or mortality, a stenosis has to be severe enough to pose a greater cumulative risk than that from residual diffuse disease plus the revascularization procedure itself. For example, in FAME 2, 8 the increased hazard ratio of 9-to-1 (95% confidence interval 1.13-72.0) for death or MI compared to medical therapy within 7 days of PCI balanced out any reduction of MACE in the PCI group after the first week.
Quantifying the anatomic severity of cumulative, diffuse disease in terms or units directly comparable to focal stenosis is essential for assessing their relative contribution to risk or symptoms. Global and regional CFR and absolute perfusion provide comparable measures of diffuse disease and of focal stenosis for their severity, size as percent of LV in specific arterial distribution, as well as the global burden of diffuse disease. 4, 5 These quantitative measures of size, severity, distribution, and global diffuse disease then identify sufficiently high risk, for which revascularization is likely to reduce MACE. Moreover, they also individualize for each patient between PCI for single stenosis or bypass surgery for diffuse or multivessel disease.
WHAT IS GAINED AND LOST BY EXERCISE PERFUSION PET?
As the authors state, treadmill exercise precluded measuring the radionuclide arterial input function with dynamic myocardial imaging to determine quantitative perfusion and CFR. Therefore, the greatest strength of PET-objective quantification of absolute perfusion and CFR-is lost with treadmill stress. Therefore, one might reasonably ask what was gained by exercise stress over pharmacologic stress?
While PET images are likely superior to SPECT images due to attenuation correction, the sensitivity of 86% and specificity of 74% are not dramatically better than typically reported for SPECT. Since the patients did not have both PET and SPECT for direct comparison, the advantage of PET over SPECT is implied but not proven in this paper but has been in other reports. 15 PET images were assessed by qualitative visual scores rather than automated objective size and severity of relative uptake as reported in other studies. 4, 5 Finally, visually assessed percent diameter stenosis on angiogram is a notoriously inadequate reference ''gold standard'' of severity for stenosis or diffuse CAD. 4, 5 
TREADMILL EXERCISE VS PHARMACOLOGIC VASODILATION FOR STRESS PERFUSION IMAGING
Additionally, the diagnostic sensitivity of 86% and specificity of 74% with treadmill exercise PET in this study remains inferior to over 90% sensitivity and specificity typically reported for PET with pharmacologic stress. These results suggest that exercise PET is less accurate than pharmacologic vasodilator stress PET. However, without direct comparison of both stressors in the same patient, any differences remain unproven.
Other studies have compared exercise stress with pharmacologic vasodilator stress by both PET and SPECT perfusion imaging. [16] [17] [18] Exercise stress may cause more severe perfusion defects than pharmacologic stress due to sympathetically driven vasoconstriction of subcritical stenosis as demonstrated by exercise angiogram. 19 However, perfusion abnormalities with pharmacologic stress indicate the pure structural severity of stenosis for revascularization decisions without exercise-induced vasoconstriction 18 that is optimally treated medically rather than by procedures.
Obesity limits exercise capacity just like musculoskeletal impairment, demonstrated in this study where the obese patients failed to achieve the same duration of exercise, functional aerobic capacity, or metabolic equivalents (METs) as the non-obese group despite less comorbidity (the non-obese group had more known CAD and revascularization procedures with comparable prevalence of angina, SSS scores, and visually graded ''significant'' stenosis at angiography). Therefore, the purported value of exercise testing in the obese may be contravened by an inability to achieve adequate exercise levels due to obesity rather than CAD.
TECHNICAL PET IMAGING LESSONS
The authors report that their PET scanner did not have software for correcting emission-transmission misregistration, well documented as a significant problem for both rotating rod and CT attenuation correction. 20, 21 Transmission data acquired by rotating rod as in this study is associated with significant attenuation-emission misregistration in 20% of cases when objectively systematically measured. 20 This misregistration occurs when the heart and diaphragm change position in the thorax during breathing and when abdominal contents slowly shift upward while lying down in the gantry. 20, 21 Such anatomic changes within the body profoundly alter the attenuation data despite no external change in body position compared to laser markers.
The transition from hard treadmill exercise with rapid deep breathing and tachycardia to lying in the scanner with changing respiratory rate, slowing heart rate, and slow repositioning of abdominal and thoracic contents combine to produce internal changes in attenuation anatomy even with no change in external body position. Therefore, the absence of checking and correcting attenuation-emission misregistration certainly contributed to the low specificity of 74% reported in this manuscript, substantially greater than reported for other PET studies.
While not stated, the rotating rod PET scanner likely operated in 2D mode. In that case, the 300 M counts in the attenuation image over 10 minutes requires an attenuation acquisition of 500,000 cts/s that is much higher than reported previously for rotating rod 2D scanners. 20 Such high count rates for a rotating rod source would require a very high activity rod or 3D acquisition. Separately from treadmill exercise's precluding quantitative perfusion, as the authors acknowledge, a 3D acquisition would likely also preclude quantitative perfusion measurements due to scanner saturation on arterial first pass after a full dose radionuclide bolus.
WHAT IS NEEDED IN NUCLEAR CARDIOLOGY?
No randomized non-invasive imaging trial to guide management has reduced MI or death. Similarly, no randomized trial of PET-guided management has proven a downstream reduction in unnecessary procedures, MI, death, or hospitalizations. However, non-randomized studies do show reduced hard endpoints as pilot data including thresholds of severity likely necessary proving reduced MI and mortality in a future randomized trial. 4, 5, 11, 22, 23 By measuring size as percent of LV with quantitative severity by absolute stress flow and CFR, vasodilator stress perfusion PET can provide more comprehensive physiologic quantification of CAD than FFR lacking size-severity distribution of focal or diffuse CAD. While FFR was originally validated by comparison to the ''gold standard'' of PET relative CFR, 14 current science supports an evolving ''gold standard'' toward clinical outcomes, not imaging endpoints.
For nuclear cardiology to move beyond the limitations of unproven SPECT and to thrive as a scientifically based contribution to patient betterment, the potential power of quantitative vasodilator stress PET needs a randomized trial to prove its worth (or not) for guiding CAD management by reducing MI or death, and preventing unnecessary procedures. Such a trial, positive or negative, would profoundly alter cardiovascular medicine for optimal patient care and cost benefit.
